Sugars are the main carbon and energy source in cells, but they can also act as signaling molecules that affect the whole plant life cycle. Certain tissues can produce sugars and supply them to others, and this plant tissue heterogeneity makes sugar signaling a highly complex process that requires elements capable of perceiving changes in sugar concentrations among different tissues, cell compartments and developmental stages. In plants, the regulatory effects of glucose (Glc) have been the most studied to date. The first Glc sensor identified in plants was hexokinase (HXK), which is currently recognized as a dual-function protein. In addition to its catalytic activity, this enzyme can also repress the expression of some photosynthetic genes in response to high internal Glc concentrations. Additionally, the catalytic activity of HXKs has a profound impact on cell metabolism and other sugar signaling pathways that depend on phosphorylated hexoses and intermediate glycolytic products. HXKs are the only proteins that are able to phosphorylate Glc in plants, since no evidence has been provided to date concerning the existence of a glucokinase. Moreover, the intracellular localization of HXKs seems to be crucial to their activity and sensor functions. Recently, two new and surprising functions have been described for HXKs. In this review, we discuss the versatility of HXKs in regard to their catalytic and glucose sensor activities, intracellular location, protein-protein and hormone interactions, as well as how these HXK characteristics influence plant growth and development, in an effort to understand this enzyme's role in improving plant productivity.
Introduction
Sugars play an important role during plant life, not only as the main carbon and energy source but also as signaling molecules.
The ability of plants to produce their own sugars is confined to photosynthetic tissues, whereas other tissues act as a sink. This tissue heterogeneity makes sugar signaling a very complex activity that requires elements that can perceive changes in sugar concentrations within different tissues, cell compartments and developmental stages. Glucose (Glc) is the main carbon and energy source preferred by most organisms, and it is the most studied sugar in plants due to the regulatory effects produced in the whole plant life cycle (Rolland et al. 2006 , Ramon et al. 2008 , Sheen 2014 .
Through many pharmacological assays and global transcriptomic analyses, it has been demonstrated that >2,000 plant genes are regulated by Glc (Sheen 1990 , Graham et al. 1994 , Jang and Sheen 1994 , Xiao et al. 2000 , Price et al. 2004 , Villadsen and Smith 2004 , Xiong et al. 2013 . Some of the genes are regulated by sugar sensing in the absence of metabolism, and Glc analogs are typically used to find these genes. Currently with global transcriptomic analysis, it is possible to find more Glc-responsive genes. However, there is only one report that combined Glc analogs and transcriptomic analysis. The authors carried out three separate treatments, Glc, 3-O-methylglucose (3OMG) and 6-deoxyglucose (6DOG); both analogs are imported by the cell but undergo low or no further metabolism (Fig. 1) . The authors did not find any gene that changes its expression with all the three treatments, so a possible explanation is that such analogs were not perceived as a sugar signal (Villadsen and Smith 2004) . Also, the phosphorylation of 3OMG by hexokinase (HXK) is negligible (Cortès et al. 2003) , so some authors have used this analog as an osmotic control (Price et al. 2004) . Nevertheless, the lack of an effect on gene expression indicates that Glc uptake is insufficient to yield an intracellular signal (Price et al. 2004) ; however, other elements are required to transfer sugar information, such as HXK, the first Glc sensor identified in plants.
HXKs can regulate glycolytic flux and can supply substrates to several pathways, such as the oxidative pentose phosphate pathway (OPPP), starch synthesis, fatty acid synthesis and sugar nucleotide formation (Claeyssen and Rivoal 2007) . Glc and its derivate metabolites can also influence the plant's development, affecting the transcription of some genes through the glycolytic or metabolic sensing pathway that relies on HXK's hexose-phosphorylating function (Fig. 1) . In addition, it has been shown that, apart from HXK's catalytic activity, it also acts as a Glc sensor that regulates the gene expression of central cellular components and secondary metabolism through the HXK-dependent signaling pathway (Jang et al. 1997 , Moore et al. 2003 , Y. H. Cho et al. 2006 , Rolland et al. 2006 , Ramon et al. 2008 , Cho et al. 2009 .
HXK belongs to a multigene family ( Table 1 ) that comprises six members in Arabidopsis thaliana, 10 in Oryza sativa, four in Solanum lycopersicum, nine in Nicotiana tabacum and nine in Zea mays (J.-I. , Karve et al. 2008 , Karve et al. 2010 , Kim et al. 2013 , Zhang et al. 2014 ). However, a limited number of members of each HXK family have been characterized (Table 1) , particularly in A. thaliana, where three HXKs are catalytic (AtHXK1, AtHXK2 and AtHXK3) and three are structurally related, but catalytically inactive proteins named Hexokinase-Like (HXL) (AtHXL1, AtHXL2 and AtHXL3). Only three of these proteins, which have different subcellular locations, are sensors: AtHXK1, AtHXK3 and AtHXL1. AtHXK3 is located at the plastid, while AtHXK1 and AtHKL1 are found in the mitochondria, and AtHXK1 can even migrate to the nucleus (Moore et al. 2003 , Y. H. Cho et al. 2006 , Balasubramanian et al. 2007 , Karve et al. 2008 , Karve et al. 2010 , Zhang et al. 2010 . It is tempting to speculate that HXKs are so diverse because some members may function essentially as metabolic drivers and others mainly act as Glc sensors (Sheen 2014) . This review will focus on describing HXK's versatility, in regard to its catalytic and Glc sensor activities, intracellular locations and hormone-HXK signaling interactions, aiming to integrate these HXK characteristics that influence plant growth and development as a means to understand its potential role in improving plant productivity.
HXK in the Glc Signaling Pathways
Treatments with Glc and its negative effects on the glyoxylate cycle and photosynthetic gene expression were the first experimental evidence that suggested HXK's regulatory role in plants (Sheen 1990 , Graham et al. 1994 . Subsequently, using non-metabolizable Glc analogs such as 2-deoxyglucose (2DOG) and mannose (Man), both of which are transported into the cell and phosphorylated by HXK but are poorly metabolized, allowed researchers to distinguish between the HXK-dependent sugar-sensing pathway and the glycolytic pathway (Fig. 1) . Further evidence that differentiates both pathways was the complementation assay developed by Jen Sheen's group. They generated catalytically inactive AtHXK1 proteins that were capable of binding Glc and transducing the Glc status signal, but failed to produce glucose-6-phosphate (G6P). When these HXK mutants were expressed in the A. thaliana mutant gin2-1, a plant that is insensitive to high Glc concentrations due to a defective mutation in AtHXK1, plant sensitivity to Glc was restored. This demonstrated for the first time that a plant HXK, specifically AtHXK1, is a sensor protein in which HXK's catalytic activity is non-essential to sensing Glc (Moore et al. 2003) . In spite of that result, non-metabolizable analogs or HXK competitive inhibitors that demonstrate HXK sensor function are still used due to the difficulty of obtaining mutants or performing complementation assays in other plants besides A. thaliana. However, new technologies, such as CRISPR-Cas/9, will allow genetic approaches in other models, for instance in crops and legumes (Ma et al. 2016) .
On the other hand, there are other ways that HXK affects plant development. HXKs with catalytic activity could account for metabolite production and, as a consequence, they can alter plant physiology; however, there is also a sugar sensor pathway that depends on Glc metabolism, namely the glycolytic pathway. The next sections will focus on describing the main aspects of two glucose signaling pathways, one that is highly dependent on the sensor capacity of HXK and another that requires hexose phosphorylation activity.
The HXK-dependent pathway
Plants experience catabolic and anabolic gene repression via a sugar signaling pathway that depends on HXK's sensor function (Sheen 1990 , Graham et al. 1994 , Jang et al. 1997 . In cucumber, for instance, Glc, 2DOG and Man induce a severe reduction in the malate synthase (MS) and isocitrate lyase (ICL) genes, both Veramendi et al. (1999 Veramendi et al. ( , 2002 (Continued) of which produce key metabolic enzymes in the glyoxylate cycle (Graham et al. 1994 ). In A. thaliana, rice and maize, an increase in soluble sugars represses the expression of some photosynthetic genes, such as Rubisco small subunit (RBCS), carbonic anhydrase (CAA), sedoheptulose bisphosphatase (SBP), Chl a/ b-binding protein (CAB) and a starch-degrading enzyme, a-amylase. There is a great deal of evidence that proves that HXK sensor activity mediates a reduction in the transcription of these genes (Sheen 1990 , Jang et al. 1997 , Moore et al. 2003 , Y. H. Cho et al. 2006 , J. -I. Cho et al. 2009 ) in order to circumvent the high energy expenditure related to constantly synthesizing these proteins. Consequently, it is common to evaluate the sensor function of an HXK by testing the repression of these photosynthetic genes at high Glc concentrations or through a complementation assay in the A. thaliana mutant gin2-1. To date, only the mechanism of CAB1 repression has been elucidated. This mechanism involves an atypical complex of three proteins: AtHXK1, the vacuolar H + -ATPase subunit B (VHA-B1) and the 19S regulatory particle of the proteasome (RPT5B). At high Glc concentration, the complex is found in the nucleus, but the mechanism of translocation is still not clear. In the nucleus, the complex binds to the promoter region of CAB1 to hinder its transcription (Y. H. . As mentioned before, no evidence shows which mechanism regulates the transcription of other photosynthetic genes besides CAB1, but the said complex-or other HXK-bearing protein complexes-might be involved.
Another class of genes affected by the HXK-dependent pathway are sugar transporters. The expression of the triose phosphate translocator gene (TTP) from wheat, the hexose transporter gene (VvHT1) in grape and the monosaccharide transporter gene (STP10) in A. thaliana are repressed by the addition of Glc, 2DOG and Man. This repression is attenuated or eliminated when HXK competitive inhibitors are added or when HXK expression is reduced (Conde et al. 2006 , Sun et al. 2006 , Rottmann et al. 2016 . Reduced expression of the sugar transporter might control Glc availability at a specific age, tissue or developmental stage, thus affecting plant physiology (Price et al. 2004) .
Additionally, the HXK-dependent pathway not only generates gene repression but also induces gene expression. In A. thaliana, Glc is a positive regulator of the expression of transcription factor genes MYB34, MYB51 and MYB122, and biosynthetic genes CYP79B2 and CYP83B1. The latter are responsible for the biosynthesis of glucosinolates, which are secondary metabolites with wide biological functions, including stress resistance. The lack of induction and the glucosinolate deficiency found in Glc-treated gin2-1 mutants revealed the positive role of HXK1 in the regulation of secondary metabolism (Miao et al. 2016) .
In summary, HXK sensor function allows HXK to regulate the expression of a variety of genes. In spite of the considerable information about the Arabidopsis HXKs, until now there was not any property that could be used to predict the sensor function of a HXK; as mentioned previously, not all HXKs possess this role. So far, most of the described Glc HXK sensors have catalytic activity (Dai et al. 1999 , Veramendi et al. 2002 , Moore et al. 2003 , Giegé et al. 2003 , J. -I. Cho et al. 2009 , Kano et al. 2013 , 
a In silico prediction. Kim et al. 2013 ; Table 1 ). The only exception is AtHXL1, whose overexpression makes plants insensitive to Glc, reduces seedling length and affects root morphology (Karve and Moore 2009 ). However, in this case, it has been proposed that low Glc affinity could be a strategy to arrest plant growth at high sugar concentrations Moore 2009, Karve et al. 2012) . Recently, analysis of the crystallographic structure of two HXKs, AtHXK1 and a catalytically inactive version, suggested that sensor function could be related to HXK's high affinity for Glc (Feng et al. 2015 ; Table 1 ). However, it is still not clear how the conformational movement induced by Glc binding in HXK propagates the Glc abundance signal. The crystal structure of the repressor complex may yield some insights. However, the question still remains of how many protein partners HXK has (besides VH5 and RTP5) to transduce the sugar signal.
The glycolytic pathway
Some genes are affected by the intermediate metabolites of the glycolytic pathway. For instance, it is known that genes PR1 and PR5 are induced during a pathogenic defense response. Similar results were obtained with Glc, fructose (Fru) and sucrose (Suc), indicating that this response is related to HXK activity and subsequent metabolism (Xiao et al. 2000) . In A. thaliana, Suc and Glc are able to induce transcription of FCS-Like zinc finger (FLZ) genes FLZ1, FLZ2, FLZ8 and FLZ10-which are involved in biotic or abiotic stress regulation-as a response to Glc catabolism (Jamsheer and Laxmi 2015) . In the same manner, some genes related to nitrate transport and metabolism are affected by this pathway. For example, non-metabolizable analogs and HXK inhibitors negatively affect the expression of the nitrate transporter family (NRT2.1, NRT2.4, NRT1.1 and NRT1.5) in A. thaliana, which is opposite to Glc addition, which induced their expression (Lejay et al. 2003 , Lejay et al. 2008 . Suc and Glc enhance the transcription of NIA1, a gene encoding nitrate reductase which is related to the production of G6P and fructose-6-phosphate (F6P) (Reda 2015) . The effect of sugars on genes related to nitrogen metabolism or transport explains, in part, why limited or excess carbon availability impacts the use of nitrogen, affecting plant growth and productivity (Price et al. 2004) . Many experimental approaches demonstrated that Glc has a very potent effect that affects the expression of nearly all kinds of genes (>2,000), mainly those encoding transcription factors. Glc abundance is also perceived as a high nutrient and energy status, in which HXK affects not only the cell response but also the TOR (target of rapamycin) signaling pathway. The TOR pathway is induced by the metabolic intermediates of glycolysis, which indicates a connection with the hexose-phosphorylating activity of HXK and not with its sensor function (Price et al. 2004 , Villadsen and Smith 2004 , Xiong et al. 2013 . A more detailed analysis would be necessary to elucidate the connection between Glc signaling by the glycolytic pathway (dependent on HXK activity) and the TOR pathway. For instance, analysis might include comparing the gene expression in a gin2-1 mutant and estradiol-inducible tor mutants in different tissues, or at different development stages or Glc concentrations, combined with pharmacological studies.
Subcellular Location and Metabolic Functions
Another relevant aspect related to plant HXKs is their intracellular localization, which could be a determinant of their physiological function in accordance with metabolic needs or Glc availability. Plants have four HXK types based on their subcellular localization; we will briefly describe each type and the ascribed metabolic functions.
Type A HXKs
Type A HXKs contain a hydrophobic sequence of 30 amino acids at the N-terminus that encodes a chloroplast signal. Chloroplast HXKs are found in the moss Physcomitrella patens and plants such as A. thaliana, N. tabacum, O. sativa, Spinacea oleracea, S. lycopersicum and Vitis vinifera (Olsson et al. 2003 , J. -I. , Karve et al. 2008 , Karve et al. 2010 , Nilsson et al. 2011 . Because predictive methods did not identify type A HXK in maize or sorghum (C 4 plants), it has been proposed that this enzyme is only expressed in plants that tend to accumulate high starch content (Karve et al. 2010 ). The activity of chloroplastic HXK is suggested to be a key component for providing G6P to starch and fatty acid synthesis when night-time energy supply is limited in the chloroplast (Veramendi et al. 1999, Olsson et 
Type B HXKs
Type B HXKs have a highly hydrophobic helix formed by 24 amino acids that attaches the protein to the mitochondria. Some of these proteins are also translocated to the nucleus, but they have a nuclear translocation sequence adjacent to the membrane anchor domain (Cho et al. 2009 ). These are the most investigated HXKs, and multiple functions have been identified-some are sensors, some are metabolic enzymes. Mitochondrial HXK activity is distinguished from the other HXKs by its strong inhibition in the presence of ADP, N-acetylglucosamine and mannoheptulose (Galina et al. 1995 , Yanagisawa et al. 2003 , Y. H. Cho et al. 2006 , Camacho-Pereira et al. 2009 , Cheng et al. 2011 ). AtHXK1 and AtHXK2 are part of a glycolytic metabolon, and it has been suggested that its function is to reduce the diffusion of metabolites to other metabolic pathways for efficient ATP production (Graham et al. 2007 ). In Beta vulgaris, ATP channeling is proposed to occur at the expense of HXK activity located in the outer membrane of the mitochondria. HXK uses ATP that comes directly out of the mitochondria through the voltage-dependent anion channel (VDAC), a process that is coupled to ADP translocation in the opposite direction (into the mitochondrial matrix), to generate highly efficient respiration (Alcántar-Aguirre et al. 2013) .
In regard to the physiological relevance of type B HXKs, these HXKs participate in events that lead to programmed cell death (PCD), but there have been conflicting results. In Nicotiana benthamiana and S. tuberosum, HXK activity regulates H 2 O 2 production, membrane potential and Cyt c releaseall events that trigger PCD-thus, HXK protects these plants from the deleterious process of reactive oxygen species (ROS) (Kim et al. 2006 , Camacho-Pereira et al. 2009 ). In contrast, it has been recently reported that AtHXK1 stimulates PCD in leaves, as demonstrated in the Arabidopsis mutant mips1 that lacks myo-inositol-1-phosphate synthase. To elucidate the cause of this phenotype, mips1 mutants were screened for extragenic secondary mutations. Mutation T231I in HXK1 was identified to alter Glc binding, and it suppressed plant lesions in a manner that is dependent on HXK catalytic activity (Bruggeman et al. 2015) . These results may indicate that HXK functions as a positive or negative modulator of PCD in plants. It is necessary to identify the mechanism by which HXK controls PCD in plants.
Plant productivity is greatly affected by pathogens. It has been demonstrated that overexpression of AtHXK1 and AtHXK2 in N. benthamiana increased the production of H 2 O 2 and induced the expression of PR genes, resulting in plant resistance to the pathogen Alternaria brassicicola (Sarowar et al. 2008) . In rice, the phosphorylation of D-allose by mitochondrial HXKs induces ROS accumulation and high PR gene expression, as well as increasing plant resistance to Xanthomonas oryzae infection (Kano et al. 2013 ).
Type C HXKs
Type C HXKs do not have signal peptides or a membrane anchor; they are cytosolic, and it seems that they are only present in monocotyledonous plants and the moss P. patens (Karve et al. 2010 , Cheng et al. 2011 , Nilsson et al. 2011 . Cytosolic HXKs are insensitive to ADP inhibition ( Table 1) . It is suggested that they participate in the phosphorylation of Glc exported by the chloroplast, which results from starch degradation (Nilsson et al. 2011) ; this function might be vital for plants that lack Type A HXK. This type of HXK may also function in producing G6P to feed the OPPP for NADPH production (daSilva et al. 2001 , Chahtane et al. 2016 .
In regard to sensor function, it has been demonstrated that OsHXK7, a Type C HXK, is also localized in the nucleus and displays a sensor function (Cheng et al. 2011 ). This discovery is relevant because all previously reported HXKs with sensor function are organellar HXKs, mostly mitochondrial proteins (Table 1) (Yanagisawa et al. 2003 , Y. H. Cho et al. 2006 , Balasubramanian et al. 2007 , J. -I. Cho et al. 2009 , Kim et al. 2013 . Consequently, subcellular localization cannot be used to distinguish a Glc sensor HXK.
Type D HXKs
Type D HXKs are mitochondrial proteins; however, their mitochondrial anchor peptide is different from the peptide in Type B HXKs. This type of HXK has only been identified in the moss P. patens. PpHxk9, PpHxk10 and PpHxk11 are located mainly in the mitochondrial membrane, but it is also suggested that they are present in the chloroplast envelope. Given their distribution, it is suggested that Type D HXKs have the same metabolic function as Type B HXKs (Nilsson et al. 2011 ).
How HXKs Contribute to the Regulation of Plant Development
HXKs regulate the activity of photosynthesis through the repression of several photosynthetic genes or modulate the expression of enzymes that use carbon molecules to feed the biosynthetic pathways and produce energy. However, HXK functions affect not only the photosynthetic tissues but also the sink tissues. There is evidence that reveals the crucial role of HXK during different stages of plant development. The answer to how HXK affects all the stages of the plant life cycle probably lies in the cross-talk between Glc abundance signals in several hormone signaling pathways, such as: auxin (AUX), cytokinin (CK), abscisic acid (ABA), gibberellic acid, brassinosteroid (BR) and even the growth regulator melatonin.
An important stage of plant life that determines plant productivity is germination, and germination could be inhibited by non-metabolizable HXK substrates (Matheson and Myerst 1998) . Non-catalytic and null OsHXK7 mutants are unable to germinate in oxygen-deficient conditions, which is opposite to what occurs when OsHXK7 is overexpressed, where seedling elongation is stimulated. These results suggest that a possible role for OsHXK7 is to drive glycolytic metabolic products to fermentation ). In addition, expression of the AtGASA6 gene, which encodes a membrane protein that acts as a positive regulator of germination, is repressed by 6% Glc through a mechanism involving AtHXK1, as repression is absent in gin2-1 mutants (Zhong et al. 2015) .
Glc abundance signaling by HXK has a profound impact on promoting or arresting seedling establishment. A high Glc concentration triggers an AtHXK1-mediated rise in the levels of ABA, which leads to the cessation of cell division and arrests seedling development (Arenas-Huertero et al. 2000) . ABA is usually abundant during seed development, a metabolically active period that involves the storage of carbon reserves, not their mobilization. Thus, Glc arrest might be interpreted by the seedling as regression to a former stage, seed development (Rognoni et al. 2007) . Plants that were overexpressing transcription factor EIN3 (Ethylene-insensitive3, a regulator in ethylene signaling) did not show arrest of development; moreover, EIN3 degradation was promoted by Glc in a post-translational process that depends on AtHXK1 sensor function (Yanagisawa et al. 2003) . The exogenous addition of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) reverts the Glcbased seedling development arrest, in which AtHKL1 is essential to producing the antagonist effect Moore 2009, Karve et al. 2012) . In fact, it has been suggested that AtHKL1 and AtHXK1 act as antagonists, forming a critical node of the ethylene and Glc response (Karve et al. 2012) . In contrast, at low Glc concentrations, seedling establishment is promoted due to the repression of the AtbZIP1 gene, which encodes a transcription factor that acts as a negative regulator of seedling growth. This regulation is dependent on HXK's sensing function, but independent of ABA synthesis (Kang et al. 2010) .
During vegetative development, HXKs actively participate in promoting plant growth. For example, at the transition checkpoint of heterotrophic to autotrophic conversion in A. thaliana, Glc alone promotes the activation of the root meristem through a TOR signaling pathway. This pathway depends on HXK's Glc phosphorylation to provide the intermediate metabolites for cell wall synthesis and to obtain the energy necessary for meristem proliferation (Xiong et al. 2013) . Hexose monophosphates in the cytosol are substrates for the synthesis of nucleoside diphosphate sugars in cell wall biosynthesis, as demonstrated by the inhibition of polysaccharide biosynthesis when HXK competitive inhibitors are added (Galina and Da Silva 2000) . In maize, 10 mM melatonin treatment improves plant growth and biomass accumulation, which correlates with an increase in the expression of ZmHXK4 and ZmHXK10, total HXK activity and glycolysis .
In addition, A. thaliana gin2-1 mutants showed growth defects, such as diminished elongation of hypocotyls, roots and leaves, and a defect in auxin-induced root development, suggesting that AtHXK1 also positively interacts with the AUX signaling pathway (Moore et al. 2003) . On the other hand, BR and 3% Glc induced hypocotyl elongation and lateral root growth (Mishra et al. 2009 , Gupta et al. 2015 , Zhang and He 2015 . Experiments with mutants deficient in AtHXK1, BRI1 transmembrane receptor kinase, AUX receptor and AUX transporter (gin2-1, bri1-6, eir1 and aux1-7, respectively) showed a connection between HXK, BR and AUX signaling pathways. Glc abundance is perceived downstream by HXK1, signaling occurs through the BRI1 receptor and, at the end, the differential distribution of auxin transporters occurs by the AUX signaling pathway, which consequently regulates lateral root growth (Gupta et al. 2015) .
During the autotrophic stage, high sugar synthesis occurs, and the translocation of sugars to non-photosynthetic tissues is vital to supporting plant growth. At the source tissues, it has been described that, besides suppressing photosynthetic gene expression (Jang et al. 1997 , Moore et al. 2003 , Y. H. Cho et al. 2006 , HXK, together with ABA, also regulates photosynthetic activity through stomatal closure. Overexpression of AtHXK1 in the guard cells of both A. thaliana and citrus Troyer citrange increased the levels of RAB18 (ABA response gene) and ABI5 (ABA-induced transcription factor gene) and induced stomatal closure, consequently decreasing the transpiration rate. During high light intensity, photosynthetic activity increases, and HXK senses the excess of sugars, inducing stomatal closure. These results suggest a negative feedback mechanism to reduce transpiration and preserve cell water content during excessive photosynthetic activity (Kelly et al. 2012 , Kelly et al. 2013 , Lugassi et al. 2015 . These results prove that HXK plays a key role in regulating photosynthetic activity by at least two different mechanisms.
Additionally, HXKs are involved in the development of sink tissues, as found in the plant reproductive phase. Arabidopsis thaliana gin2-1 mutants show a reduced number of flowers and siliques (Moore et al. 2003) . In rice, the OsHXK10 gene is expressed in anthers, pollen and adult flowers; silencing the OsHXK10 gene with RNA interference (RNAi) decreased the percentage of germinated pollen, and consequently increased the number of empty seeds. It was suggested that this phenomenon occurs due to the reduction of UDP-Glc available for cell wall biosynthesis or a low ATP content, which is derived from a reduction in the available hexose phosphate pool to continue glycolysis (Xu et al. 2008) . However, the catalytic activity of OsHXK10 needs to be determined. Analysis of the primary structure of OsHXK10 revealed a high similarity to HXL proteins, which are non-catalytic HXKs (Karve et al. 2010) . In addition, the association between Rf6-a pentatricopeptide repeat protein-with other HXKs and OsHXK6 at the mitochondria promotes the processing of the chimeric aberrant transcript atp6-orfH79, thus restoring male fertility. The mechanism of fertility restoration is not completely clear, but HXK is proposed to be a regulator of mitochondrial RNA metabolism, which is a new function for a plant HXK (Huang et al. 2015) .
Another sink tissue affected by HXK is the fruit. In V. vinifera, a relationship between the decrease in HXK activity and the accumulation of free hexoses was observed as fruits matured ). MdHXK1 (a mitochondrial HXK1 from apple) is not only able to phosphorylate hexoses; unexpectedly, it also phosphorylates MdbHLH, a key component of a transcriptional regulatory complex, to promote anthocyanin biosynthesis when Glc is abundant. Phosphorylation of MdbHLH by MdHXK1 stabilizes the protein and enhances transcriptional gene activation. The presence of domain 2 and the anchor mitochondrial sequence in MdHXK1 is suggested as a requirement for MdbHLH phosphorylation (Hu et al. 2016) . CRISPRCas9 (clustered regularly interspaced short palindromic repeats-CRISPR-associated protein 9) and its capacity to regulate anthocyanin biosynthesis creates the possibility of using this knowledge for biotechnological purposes, as the anthocyanins are an important source of antioxidants and can provide coloration to fruits, making them more appealing to consumers. On the other hand, the protein phosphorylating capacity of HXK is a new function that connects Glc abundance with a change in gene expression, representing a different way in which HXK transduces the signal to other partners besides being part of a repressor complex.
During seed development in Helianthus annuus, the high activity of HXK coincided with the active phase of fatty acid synthesis and the OPPP (Troncoso-Ponce et al. 2009 , TroncosoPonce et al. 2011 . It is proposed that when HXK is highly active, large amounts of G6P are generated and can be directed to the OPPP to produce the NADPH needed for fatty acid synthesis (Troncoso-Ponce et al. 2011) . A similar use of G6P is required during maize seed development because it serves as a source of NADPH for fatty acid biosynthesis in the plastid (Alonso et al. 2010) . It was proposed that the high expression of ZmHXK3a and ZmHXK3b genes in two maize lines was related to the differences in starch accumulation that were observed in these lines (Xiao et al. 2016) . Amino acid sequence analysis of ZmHXK3a and ZmHXK3b proposed that they are HXL (Karve et al. 2010 , Zhang et al. 2014 ; however, to ascertain the physiological role of ZmHXK3a and ZmHXK3b in starch accumulation, their catalytic activity needs to be confirmed.
AtHXK1 perceives the accumulation of hexoses within the cell and stimulates senescence (Swartzberg et al. 2011) . Overexpression of AtHXK1 accelerates senescence, while, in the A. thaliana gin2-1 mutants, senescence is delayed (Dai et al. 1999 , Moore et al. 2003 ). HXK's association with mitochondrial proteins may be able to address this question of how HXK senses Glc abundance and transduces a signal to begin senescence.
Conclusions and Perspectives
HXKs are multifaceted proteins with an essential role in a variety of processes that profoundly affect the whole plant cycle, such as promoting germination, preventing seedling establishment at high Glc concentrations, supporting vegetative growth and floriation, and restoring male fertility or transducing senescence signals. It is necessary to integrate information on the biochemical properties, location and sensor capacities of HXKs with other sugar-sensing pathways to improve plant productivity. An extensive characterization of known HXKs is necessary to find the mechanisms by which HXK transduces the Glc signal, mediates its protein interactions or phosphorylation, and translocates to the nucleus, and for understanding whether different sugar signal pathways interact with the HXK-dependent pathway. Additionally, the characterization of other HXK families is important for finding new protein partners to transduce Glc abundance, especially in important crops which specialize in accumulating sugar and biomass.
